The cor rect pre dic tion of the heat trans fer per for mance of the boil ing liq uid within the evap o ra tor of a re frig er a tion unit is one of the es sen tial fea tures for the suc cess -
In tro duc tion
With in creased reg u la tion be ing placed upon the use of chloro fluoro carbon (CFC), hydrochlorofluorocarbon (HCFC), and hydrofluorocarbon (HFC) based re frig er ants, and the pend ing phase out of CFC and HCFC al to gether, al ter na tive re frig er ants for use in ex ist ing re friger a tion pack ages and sys tems are ac tively be ing in ves ti gated. These al ter na tive re frig er ants must have ther mo dy namic char ac ter is tics sim i lar to those of CFC, HCFC, and HFC and be safe for humans and the en vi ron ment. Am mo nia is one such al ter na tive re frig er ant for new and ex ist ing refrig er at ing and air-con di tion ing sys tems. Am mo nia has a low nor mal boil ing point (-33 °C), an ozone de ple tion po ten tial (ODP) of 0.00 when re leased to at mo sphere, and a high la tent heat of vapor iza tion (9 times greater than R-12). In ad di tion, am mo nia in the at mo sphere does not di rectly con trib ute to global warm ing. These char ac ter is tics re sult in a highly en ergy-ef fi cient re frig er ant with min i mal en vi ron men tal prob lems.
In the past few de cades, ex ten sive stud ies have been made on the boil ing heat trans fer per for mance of new al ter na tive pure and mixed re frig er ants [1, 2] . All these ef forts were made to know heat trans fer char ac ter is tics of the new CFC al ter na tives. Many gen er al ized cor re la -tions for pre dict ing the co ef fi cients have been pro posed, which can be ap pli ca ble to var i ous refrig er ants. The ob jec tive of this pa per is to iden tify the cor re la tion that pre dicts the nu cle ate boil ing heat trans fer co ef fi cient of am mo nia with rea son able ac cu racy. A re view of the ex ist ing nu cle ate boil ing cor re la tions for pure flu ids is car ried out. Heat trans fer co ef fi cients pre dicted us ing these cor re la tions are com pared with ex per i men tal data avail able in open lit er a ture.
Pool boil ing heat trans fer
Pool boil ing is a con di tion where boil ing oc curs from a heated sur face sub merged in a large vol ume of stag nant liq uid. Nu cle ate boil ing re gion is char ac ter ized by the for ma tion of vapor at pre ferred sites ("nu cle ation" sites) on a heat ing sur face that is sub merged in the liq uid and main tained at a tem per a ture above the sat u ra tion tem per a ture of the liq uid.
Nu cle ate pool boil ing cor re la tions for pure flu ids
There are a num ber of em pir i cal cor re la tions to es ti mate the heat flux dur ing sat u rated nu cle ate pool boil ing of sin gle com po nent liq uids. These are in ef fect ex ten sions of the sin gle phase forced and free con vec tion cor re la tions to pool boil ing. In ad di tion, a num ber of mod els are also avail able. These in clude mech a nis tic mod els, anal ogy mod els, and hy dro dy namic models. The dif fer ences be tween these mod els lie mainly in the di ver gent opin ions on how the heat en ergy is trans ferred from the sur face to the fluid and the mode of heat trans fer that is dom i nant. These mod els make use of ob ser va tions like fre quency of bub ble de par ture, the num ber of nucle ation sites, con tact an gle be tween sur face and the liq uid, sur face rough ness fac tor, etc. The ac cu racy of the da ta base re lated to the pa ram e ters ul ti mately de cides the suc cess of the mod eling anal y ses in cor re lat ing the ex per i men tal data. It can be seen that the mod els are se lec tively suc cess ful for cer tain ranges of pres sure and sys tem pa ram e ters. For pre dict ing nu cle ate pool boil ing curves, three dif fer ent types of meth ods have emerged: phys i cal prop erty, re duced pressure and fluid spe cific. Dif fer ent cor re la tions of these three types are con sid ered for com par i son in the pres ent anal y sis.
Kruzhlin cor re la tion
In 1947 Kruzhilin [3] pro posed the fol low ing cor re la tion where no spe cial ef forts have been made to ac count for the sur face prop erty: 
where d is the pool boil ing char ac ter is tic di men sion:
Rohsenow cor re la tion
In 1952 Rohsenow [4] rec og nized the in flu ence of liq uid solid com bi na tion on boil ing heat trans fer and de vel oped more gen eral cor re la tion:
Heat trans fer co ef fi cient is ob tained from the def i ni tion of heat trans fer co ef fi cient h nb = = (q/DT). The val ues of ex po nents are m = 0.7 and n = 0.33 for all flu ids ex cept wa ter for which Rohsenow rec om mended set ting m = 0. The val ues of sur face-fluid fac tor (C sf ) for var i ous surface-fluid com bi na tions are pro posed by Rohsenow with ±20% ac cu racy for the above cor re lation. This pa ram e ter ap par ently takes into ac count the con tact an gle, the sur face microroughness, and their in ter ac tion in de ter min ing the nu cle ation site den sity.
Kutateladze cor re la tion
Kutateladze [5] sim pli fied Kruzhilin's cor re la tion at the cost of its ac cu racy and de veloped an ex pres sion for Nusselt num ber in case of boil ing: 
Labuntsov cor re la tion Labuntsov [6] de rived the cor re la tion that does not re quire an in put of la tent heat of vapor iza tion: 
Pioro cor re la tion Pioro [7] mod i fied Rohsenow cor re la tion
Fos ter-Zuber cor re la tion Fos ter, et al. [8] used bub ble ra dius and the bub ble growth ve loc ity and ob tained the fol low ing cor re la tion: 
D sat (8)

Mostinski cor re la tion
Mostinski [9] ne glected the sur face ef fects and ap plied the prin ci ple of cor re spond ing states to nu cle ate pool boil ing heat trans fer data, and cor re lated data as a func tion of the re duced pres sure of the fluid and its crit i cal pres sure:
. . (9) where P c is the crit i cal pres sure of the fluid, F PF -a non-di men sional pres sure cor rec tion fac tor that char ac ter izes pres sure ef fects on nu cle ate boil ing as: 
This cor re la tion gives rea son able re sults for wide range of flu ids and re duced pressures.
Nishikawa-Fujita cor re la tion
Nishikawa, et al. [10] have mea sured heat trans fer in nu cle ate pool boil ing of the refrig er ants R21, R113, and R114 at hor i zon tal flat plate heat ers of dif fer ent rough ness. As sum ing "ther mo dy namic sim i lar ity" they pro pose a com mon heat trans fer cor re la tion for these re frig erants. An es sen tial fea ture of eq. (11) is that it is sup posed to be com mon for dif fer ent kinds of flu ids. All the ex per i men tal data pre sented by the au thors and by other au thors were cor re lated well by this cor re la tion within ±30% ac cu racy: where R p = 0.125 mm.
Stephan-Abdelsalam cor re la tion
Stephan et al. [11] pro posed four spe cific cor re la tions ap ply ing a sta tis ti cal mul ti ple re gres sion tech nique to wa ter, re frig er ants, organics, and cryo gens. These cor re la tions used the phys i cal prop er ties of the fluid eval u ated at the sat u ra tion tem per a ture and hence are said to be phys i cal prop erty based cor re la tions. They pro posed fol low ing cor re la tion for re frig er ants whose mean de vi a tion was 10.6% in the re duced pres sure range of 0.003-0.78: The con tact an gle b is as signed a fixed value of 35º for re frig er ants and 45º for wa ter.
Coo per cor re la tion
Coo per [12] pro posed a cor re la tion, which earned the rep u ta tion for its ac cu racy in pre dict ing nu cle ate pool boil ing heat trans fer co ef fi cient. In his cor re la tion, the heat trans fer coef fi cient was pre sented as a func tion of the heat flux, re duced pres sure, mo lec u lar weight of the liq uid, and the sur face rough ness. For boil ing on hor i zon tal plane sur faces: (14) An in crease in sur face rough ness has the ef fect of in creas ing the nu cle ate boil ing heat trans fer co ef fi cient. Sur face rough ness may be af fected by foul ing, cor ro sion, and ox i da tion of the sur face. When sur face rough ness is un known, it is set to 1.0 mm. The au thor rec om mends mul ti ply ing the above heat trans fer co ef fi cient by a fac tor of 1.7 for hor i zon tal cop per cyl in ders; how ever, the cor re la tion seems to be more ac cu rate for boil ing of re frig er ants on cop per tubes with out this cor rec tion. Coo per cor re la tion cov ers re duced pres sure from about 0.001 to 0.9 and mo lec u lar weights from 2 to 200. Sim plic ity of Coo per's cor re la tion is of spe cial sig nif i cance in cases where the phys i cal prop er ties of the boil ing liq uid are poorly de fined.
Gorenflo cor re la tion
Gorenflo [13] pro posed a fluid spe cific re duced pres sure cor re la tion and in cluded the effect of sur face rough ness. 
Pres sure cor rec tion fac tor F PF is: 
The ef fect of re duced pres sure on the ex po nent nf for the heat flux term is given by:
The sur face rough ness R p is set to 0.4 mm when un known. The cor rec tion fac tors are valid for all flu ids ex cept wa ter and he lium; for wa ter the cor re spond ing cor rec tion fac tors are: This method is ap pli ca ble over the re duced pres sure ranges from 0.0005 to 0.95.
Jung cor re la tion
Jung et al. [14] de vel oped a new cor re la tion (eq. 20) based upon the mea sured data of eight pure re frig er ants fol low ing both Coo per's and Stephan-Abdelsalam's ap proaches. Some dimensionless groups af fect ing nu cle ate boil ing heat trans fer were iden ti fied and they were corre lated by a re gres sion anal y sis to yield a new cor re la tion valid for all halogenated re frig er ants. Their cor re la tion takes into ac count that the ex po nent to the heat flux term var ies sig nif i cantly among flu ids and also is a strong func tion of re duced pres sure: 
All the prop er ties needed in the cor re la tion de vel op ment were cal cu lated by REPPROP pro gram. Mean de vi a tion of the cor re la tion was less than 7% for all the re frig er ants tested.
Leiner cor re la tion
Leiner [15] mod i fied the gen eral equa tion for nu cle ate boil ing heat trans fer valid for var i ous flu ids by tak ing into ac count fluid spe cific pa ram e ters (eq. 22).The phys i cal quan ti ties are nondimensionalized in the new type of equa tion by fluid-spe cific scal ing units be ing crit i cal data or power prod ucts of crit i cal data of the fluid. The equa tion and the fluid spe cific ref er ence val ues ho of the heat trans fer co ef fi cient pre sented by Gorenflo for nearly 50 flu ids are the empir i cal ba sis, to which the new equa tion is fit ted. The cor re la tion is sup posed to al low for es timat ing nu cle ate boil ing heat trans fer co ef fi cients in poorly known flu ids. Fluid prop er ties at the ac tual boil ing con di tion or spe cific ref er ence val ues of the heat trans fer co ef fi cient are not required to ap ply the new type of cor re la tion. This "gen eral" heat trans fer cor re la tion for nu cle ate boil ing rep re sents the ref er ence val ues ho of Gorenflo with a mean de vi a tion of about 14% depend ing on the num ber of fluid spe cific pa ram e ters taken into ac count for. As sess ment of pool-boil ing cor re la tions To achieve the ob jec tive of this pa per it was de cided to se lect eight well-known nu cleate pool-boil ing cor re la tions and com pare their pre dic tion ac cu racy against the re li able ex per imen tal da ta bases. Three ex per i men tal pa pers re port ing data on nu cle ate pool boil ing were chosen to serve as ba sis for com par i son of the se lected heat trans fer cor re la tions. Inoue et al. [16] , mea sured the pool boil ing heat trans fer co ef fi cients of am mo nia/wa ter mix ture and its pure compo nents on a hor i zon tal plat i num wire (di am e ter of 0.3 mm, 37 mm length) at pres sure of 0.4 and 0.7 MPa. The wire was heated us ing a di rect elec tric cur rent. Arima et al. [17] , ob tained data using an ex per i men tal de vice where the heat ing sur face was a hor i zon tal flat cir cu lar sur face of silver with a di am e ter of 10 mm. The flat sur face was pol ished with No. 800 em ery pa per and had a mean sur face rough ness of 1 mm. With this sur face the au thors ob tained the boil ing curve for am mo nia/wa ter mix ture and its pure com po nents at a pres sure level from 1 to 15 bar. Zeng et al. [18] con ducted a spray evap o ra tion ex per i ment us ing com mer cial noz zles dis trib ut ing liq uid am mo nia on a hor i zon tal, plain stain less steel tube with ¾-in di am e ter. The av er age lo cal spray flow rate was var ied from 0.0138 to 0.0777 kg/sm, the sat u ra tion tem per a ture was var ied from -23.3°C to 10 °C, and the heat flux was tested from 8 to 60 kW/m 2 . The thermophysical prop erties of am mo nia are taken from ASHRAE Fun da men tals 2005 [19] .
Pre dic tion ac cu racy of nu cle ate pool-boil ing cor re la tions
For the pur pose of this anal y sis, eight nu cle ate pool boil ing cor re la tions have been selected, which were de vel oped by Kruzhilin, Kutateladze (old), Labuntsov, Mostinski, Nishikawa-Fujita, Stephan-Abdelsalam, Coo per, and Gorenflo. These cor re la tions are of ten re -ferred to in the boil ing lit er a ture and fre quently used in the ther mal de sign. The clas sic Rohsenow cor re la tion and other cor re la tions that use con stants de pend ing on the in ter ac tion between the fluid and the sur face have not been se lected be cause the sur face-fluid fac tor (C sf ) is an un known con stant for am mo nia. The pre dic tion ac cu racy of the cor re la tions was as sessed and com pared. The re sults of this com par i son are pre sented in tab. 2. The pre dic tion er rors were eval u ated us ing the fol low ing def i ni tions: Fig ure 1 shows pre dic tion er rors be tween the ex per i men tal data and the cor re spond ing re sults pre dicted by the se lected cor re la tions. The ex per i men tal data re fer to those of Inoue et al.
[16] at 0.7 MPa. It is clearly seen that the pre dic tion er rors are the low est for Kutateladze (old) and Kruzhilin cor re la tions within the in ves ti gated range of heat flux. In gen eral, pre dic tion er ror in creases with de creas ing heat flux for all the cor re la tions. The max i mum pre dic tion er ror can be seen as high as +320% for Gorenflo cor re la tion (eq. 15). The rea son for this large de vi a tion is the ab so lute value of heat trans fer co ef fi cient h 0 = 7000 W/m 2 for am mo nia given by Gorenflo de rived us ing ex per i men tal data with cop per tubes at heat flux q 0 = 20000 kW/m 2 . Am mo nia is ex tremely cor ro sive against cop per and cop per al loys. There fore the heat ing el e ments for ex peri ments with am mo nia mostly con sist of mild steel or stain less steel and h o ob tained with cop per tubes can not be used to com pare these ex per i men tal re sults. Also the ex per i men tal heat flux range in ref. [16] Mostinski cor rela tion pre dicts sim i lar re sults. The large de vi a tions ob served be tween the ex per i men tal data for am mo nia and the pre dic tions of Coo per cor re la tions are reduced if a lower sur face roughness is con sid ered. The Coo per cor re la tion con sid er ing a sur face rough ness of R p = 0.7 mm gives sim i lar re sults to the Kruzhilin cor re la tion. Stephan-Abdelsalam cor re la tion un der pre dicts the data of Inoue et al. The reason for this large de vi a tion might be that the da ta base upon which re la tion un der-pre dicts the data. At 1.5 MPa Stephan-Abdelsalam cor re la tion pre dicts the data with rea son able ac cu racy at low heat flux and at high heat flux Labuntsov and Mostinski cor rela tions fit the data very well.
Con clu sions
Three dif fer ent types of nu cle ate pool boil ing cor re la tions are as sessed here: phys i cal prop erty, re duced pres sure, and fluid spe cific. Many au thors found that the best gen eral phys ical-prop erty-based method is that of Stephan and Abdelsalam for re frig er ants. How ever, this anal y sis con cludes that Kruzhilin, Kutateladze, and Labuntsov, which use con stant val ues for the co ef fi cients and pow ers are the best for am mo nia. The Coo per cor re la tion, with a lower surface rough ness ef fect is the best of the re duced pres sure type cor re la tions. The fluid spe cific Gorenflo cor re la tion over-pre dicts the data for am mo nia. One rea son for the wide vari a tion is that nu cle ate boil ing is very sen si tive to the pre cise con di tion of the sur face on which boil ing occurs. The vari abil ity ex hib ited by the cal cu lated val ues ac tu ally re flects the vari abil ity ob served among the sets of ex per i men tal data upon which the var i ous cor re la tions are based. 
